The design and analysis of a dielectric guided-mode resonance filter ͑GMRF͒ utilizing a nonlinear material for the waveguide is presented. Small changes to the parameters of a GMRF have a large impact on its resonance. A nonlinear material can provide a small change in the refractive index of the waveguide, altering the resonance of the device and resulting in modulation of the transmitted and reflected output of the filter. Numerical results show that nonlinear switching from 100% transmission to 100% reflection can be accomplished with less than 100 kW͞cm 2 using a simple design.
Introduction
In this paper we present the design of a guided-mode resonance filter ͑GMRF͒ combined with a nonlinear optical waveguide to form a device that can modulate the transmitted and reflected fields. Therefore the filter can function as a switch that changes state with the input by using the narrow resonance characteristic of the GMRF and the small change to the refractive index that results when the nonlinear material is illuminated. Nonlinear effects typically require high incident intensities to produce significant changes in material optical properties. By using a device that is sensitive to small changes in these properties, a lower input intensity can produce a large change in the device output. Rigorous coupled-wave analysis ͑RCWA͒ 1,2 is used to analyze the resonance of the GMRF as well as the effects of the refractive-index changes. Finite-difference time-domain ͑FDTD͒ modeling 3,4 is used to complement the RCWA by determining field strengths within the GMRF. In addition, FDTD provides information on the temporal evolution of the fields within the device to determine the limits of the filter switching speed. We present an example design that switches from 100% transmission to 100% reflection over a relatively small range of input optical intensities.
Anomalous output spectra from gratings were first observed by Wood. 5 Although some of Wood's observations were found to be Rayleigh wavelength anomalies, Hessel and Oliner 6 provided the first description of resonance anomalies explaining the remaining phenomena. Mashev and Popov 7 reported the experimental observation of resonance anomalies using an ion-milled grating in conjunction with an ion-exchanged waveguide. The analysis of all dielectric GMRF's 8, 9 has led to a large number of design variations and possibilities, 10, 11 and recent results have shown high-efficiency devices utilizing a simple design. 12 Possible applications have also expanded from simple wavelength filtering to include laser mirrors, 13 document security, 14 and modulators. 15 
Theory and Device Design
A GMRF consists of a grating and waveguide structure that allows light diffracted by the grating to couple to a mode of the waveguide. Figure 1 shows an example using a binary grating on the surface of a waveguide. The coupling between the diffracted energy and waveguide mode leads to a resonant behavior resulting in rapid variations in the amplitudes of the propagating waves, known as resonance anomalies. 9 The eigenvalue equation for the TE field within the waveguide is used in conjunction with the relation for the modified propagation constant to locate the resonances 8 :
, and
are the transverse components of the propagation vectors for the waveguide layer of width h, the cover, and the substrate, respectively, with k ϭ 2͞. The propagation constant of the waveguide is related to the grating parameters by
where is the incident angle in the cover and ⌳ is the period of the grating. Equation ͑2͒ shows how several parameters including wavelength, incident angle, grating period, and refractive index affect the resonance of a GMRF. Here we are taking advantage of the direct relation between the waveguide index n g and the propagation constant to affect the filter resonance and modulate the output fields. To use the GMRF to modulate the incident light beam, an intensity-dependent refractive index is substituted for n g :
where the nonlinear index n 2 ͑in square meters per kilowatt͒ is related directly to the third-order susceptibility ͑3͒ esu by the relation
In addition, a subwavelength period grating is used to ensure that only the zero-order waves propagate outside the device maximizing its efficiency. The GMRF combines the nonlinear refractive index and subwavelength period grating as shown in Fig. 1 and includes several important features. First, the refractive index of the waveguide and the substrate are chosen to keep the resonance peak narrow while the incident, or cover, material is assumed to be air. The substrate is assumed to be fused silica ͑n s ϭ 1.45͒ to provide a low-loss material with high surface quality to avoid scattering. The waveguide is then chosen to have a higher index of n g ϭ 1.5 and a width of h ϭ 1.12 m, resulting in single-mode operation with the desired narrow resonance. One aspect of the GMRF design that is not included in this analysis is the material loss. Both absorption and scattering adversely affect the resonance of GMRF's, but the design here has material with low loss to minimize these effects. Second, the subwavelength period grating is designed with a duty cycle and depth that would approximate a single-layer quarter-wave antireflection ͑AR͒ coating. The AR design serves two purposes. By reducing offresonance reflections, the contrast of the intensity modulation is maximized. Also, the intensity within the device is increased and produces a larger refractive-index change as shown in Eq. ͑3͒. With an incident TE field, the effective index of the grating is defined as 16 :
where f i and ⑀ i are the duty cycle and dielectric constant, respectively, of the two materials comprising the grating. The required refractive index for a single-layer AR coating is the square root of the product of the refractive index of the incident medium and the waveguide. Use of Eq. ͑5͒ and the required effective index for an AR effect, the duty cycle of the grating can be found. The depth of the grating is then set equal to a quarter-wave of the resonance wavelength to provide the AR coating. The actual grating ridge width is set to 0.17 m and the grating depth to 0.12 m to accommodate a grid consisting of square cells whose side length is 10 nm within the FDTD model. This provides an excellent representation of the GMRF without the need for excessive computation time. Finally, a material for the waveguide that has the desired linear index ͓n 0 ϭ 1.5 in Eq. ͑3͔͒ and a large nonlinear characteristic is required to produce the modulation effect. For this design, a semiconductor-doped glass ͑SDG͒ is assumed. SDG's have the potential for exhibiting enhanced third-order susceptibilities because of the three-dimensional confinement of semiconductor microcrystallites within a glass host material. 17, 18 A reported value of ͑3͒ ϭ 4 ϫ 10 Ϫ7 esu ͑Ref. 17͒ is used to determine the nonlinear index n 2 . The resonance of the GMRF, assuming constant refractive indices, is shown in Fig. 2 as a function of the illumination wavelength. The result shown in Fig. 2 is found using the RCWA. Despite the lack of propagating orders outside of the device, the RCWA model retains 11 total orders to ensure that the effects of evanescent orders are included. Fig. 1 . Design used for analysis. The input is assumed to be a normally incident TE wave, and all dimensions are given in micrometers.
Device Analysis and Performance
The first step in the analysis is to determine the refractive-index change that is required to change the resonance properties of the device and modulate the transmitted and reflected outputs while holding the wavelength constant at 638.4 nm. The RCWA results ͓Fig. 3͑a͔͒ show that an extremely large refractive-index change in the ridges of the grating is required, Ͼ0.1, to change the device outputs. The refractive index of the ridges of the grating affects the diffraction efficiency of the grating, but the period of the grating determines the direction ͑or phase͒ of the diffracted waves and their coupling to the waveguide mode. Within the waveguide, refractive-index variations have a much larger impact on the resonance of the GMRF. Figure 3͑b͒ shows how small changes of the waveguide index, ϳ10
Ϫ4
, impact the resonance; therefore the nonlinear material is used only within the waveguide. The propagation vector of the waveguide mode is related directly to the index of the waveguide and affects the resonance behavior of the GMRF. It should be noted that small deviations from the desired linear refractive index n 0 will change the resonance as well. Controlling the refractive index of a SDG to Ͻ10 Ϫ4 is impractical, so wavelength or angle tuning would be necessary in practice.
To determine the incident intensity needed for the index changes shown in Fig. 3͑b͒ , the field strength inside the waveguide must be determined. FDTD modeling is used to calculate the field amplitude within the device as a function of the incident amplitude. The results from the analysis of the GMRF using FDTD with an incident-field amplitude of unity are shown in Fig. 4 where the gray scale corresponds to a field amplitude ranging from 2.5 to Ϫ2.5 times the incident field. A complex interference pattern is formed within the waveguide. The forward-and backward-propagating waves interfere with one another as well as with the fields diffracted by the grating. The resultant field distribution within the waveguide produces corresponding variations in the nonlinear refractive index that are then related directly to the incident field. Representing the refractive-index changes in the RCWA model requires splitting the waveguide into many layers ͑ten layers are used here͒ and using sampled field values derived from the FDTD analysis and Eq. ͑3͒ to determine the refractive-index profile in each layer. Several FDTD simulations were performed to ensure that the calculated field values sampled from the center of the GMRF closely approximate the results from an infinite grating ͑i.e., without significant edge effects͒ while using a minimum number of grating periods to reduce the FDTD computation time.
The FDTD simulator was based on the standard staggered grid, leap-frog in-time Yee algorithm. 3, 19 The FDTD simulation space was truncated with Berenger's perfectly matched layer absorbing boundary condition. 3, 19 The simulation region consisted of 602 ϫ 1030 square cells ͑␦ ϭ 10 nm͒, including 20-cell perfectly matched layer regions. The time step was selected according to the Courant stability condition 3, 19 : ␦t ϭ ␦͞c͌2 ϭ 23.57 ϫ 10 Ϫ18 s. The ap- Fig. 2 . RCWA shows the resonance of the device assuming a constant index. The resonance wavelength does not exactly match the wavelength of minimum reflection resulting from the approximate AR coating provided by the grating. Fig. 3 . Effect of index changes on the resonance. ͑a͒ Changing the index of the grating ridges requires a large index change to create noticeable changes in the device output. ͑b͒ Conversely, the waveguide index has a large influence over the output. The wavelength was held constant just off resonance at 638.4 nm. propriate dielectric permittivity is specified in each simulation cell. Note that only linear permittivities were considered in the GMRF FDTD simulations to simplify the resulting device analysis. A full nonlinear material FDTD model of the GMRF was beyond the scope of the present study and will be implemented in the future. The initial field is generated from a total field and scattered field interface 3, 19 above the grating. The desired electric field values are obtained at specified points throughout the simulation region. The resulting RCWA model of the GMRF consists of the original grating ͑no nonlinear material is assumed within the grating͒ and the ten layers of the waveguide. Each of these ten layers is modeled with a square-wave refractive-index profile with both the high and low refractive indices now dependent on the incident field. The layered waveguide model of the GMRF was evaluated with RCWA with the wavelength held constant ͑at 638.4 nm͒ while the incident intensity was varied. Figure 5 shows how the transmission and reflection of the device change with increasing input intensity. The entire resonance peak is spanned by changing the intensity by 100 kW͞cm 2 , and only 25.3 kW͞cm 2 is required to transition from the 10% to 90% reflection levels.
Another important aspect of the nonlinear GMRF performance that can be determined is the factor that limits the modulation rate. There are two main factors that affect the response time of the filter: the time required for the fields to reach equilibrium after a wave is incident on the device and the response of the nonlinear material. FDTD analysis is used to find the temporal response of the fields. Figure 6 shows the field amplitude at a sample point within the waveguide. Large variations in the field amplitude occur as the fields interfere until an equilibrium value is reached after approximately 50 fs. The FDTD simulator was run for 3000 time steps to produce Fig. 6 . Longer simulation times showed only minor variations in the resulting field amplitudes at later times. The results shown in Fig. 6 adequately characterize the settling time as 50 fs in the device. In comparison, reported response times for SDG's are in the picosecond and nanosecond range. 18 Therefore the material response limits the switching speed of this nonlinear GMRF design.
Conclusions
In conclusion, the design of a GMRF utilizing a nonlinear material has been presented. Index changes are required within the waveguide to produce a modulation of the transmitted and reflected outputs. With FDTD analysis, the field profile within the device and subsequent index variations were evaluated. Also the modulation rate of the GMRF was found to be limited by the material response. The RCWA simulator was used to determine the effect of the index variations on the behavior of the GMRF, and it was found that a change in the incident intensity of 100 kW͞cm 2 was required to cover the entire resonance peak. Fig. 5 . Output of the GMRF versus input intensity with a normally incident TE plane wave. Fig. 6 . FDTD predicted time dependence of the field amplitude at a sample point within the waveguide. Large deviations occur as the interference pattern develops, but they settle out in approximately 50 fs.
